The experimental observation of graphene plasmon resonance has generated tremendous interest due to numerous potential applications such as photosensors, detectors, biosensors, and switches from THz to mid-infrared regime. However, practical applications require much larger dimensions (mm to cm scale) than that demonstrated in the proof-of-concept devices. Moreover, such devices also require a detailed understanding of ribbon-to-ribbon interaction, which has not been investigated so far. Here we demonstrate gate tunable plasmon resonance in the mid-infrared spectral region on millimeter-scale graphene nanoribbon (GNR) array devices fabricated using graphene monolayer. Gate dependent Fourier-transform infrared (FTIR) transmission measurements on GNR of various widths were investigated experimentally. The shift in plasmon resonance peaks of wave number 100 cm −1 at applied external gate voltage −100 V was observed. This shift is attributed to strong gate modulation. Our investigation of ribbon-to-ribbon interaction by tuning the aspect ratio reveals strong modulation of surface plasmon resonance peaks in GNR. This suggests that plasmon resonances are coupled as evidenced by blue-shifted plasmon resonance. These studies demonstrate that large-area GNR devices can serve as an ideal platform for ultrasensitive sensing and detector applications.
Introduction
Graphene plasmonics has attracted huge interest due to its unique tunability and potential applications in nano-plasmonic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Graphene plasmons have been predicted and experimentally observed in the terahertz [3, 7, 11, 12 ] to mid-infrared [10, 13] region by fabricating graphene nanoribbons of specific dimensions. In the mid-infrared regime, multiple plasmon resonances have been observed, each associated with a specific physical origin. Some of these resonances are due to interaction between substrate optical phonons and intrinsic graphene plasmons, whereas other resonances are caused by light-graphene plasmon coupling in mid-infrared region. The energy of these plasmon resonance frequencies can be tuned by varying carrier density using an electrostatic gate field or by adjusting geometrical aspect ratio of the GNR. Here the aspect ratio L/W is defined as the ratio of length L (ribbon width W plus spacing between ribbons S) to the width of GNR (see Fig. 4(a) ). This offers an opportunity for using graphene based plasmonic devices as sensors, detectors, switches and other optoelectronic devices [3, 7, 10, [13] [14] [15] . While the proof-of-concept graphene plasmonic devices have been demonstrated, typical device dimensions have been limited to 80 × 80 m 2 , inspite of the ability to synthesize high quality largearea graphene using chemical vapor deposition (CVD). Moreover, understanding the role of ribbon-ribbon interaction by varying the aspect ratio of GNR remains widely unexplored and is a key factor to precisely controlling and operating such plasmonic devices. So far, studies aimed at understanding ribbon-ribbon interactions have been limited in scope [15] [16] [17] [18] . Recently, Yang et al. investigated plasmon hybridization in coplanar graphene nanoribbons in light of inter-ribbon spacing and carrier density using IR spectroscopy [18] . They found that coupling strength between nanoribbons was mediated by substrate phonons and is nearly independent of the width of nanoribbons. While these are instructive studies, the evidence for ribbon-ribbon interaction in the field of graphene plasmonics remains an open question.
In this paper, we report the experimental study of tunable plasmon excitations and light-plasmon coupling on millimeter- scale GNR array devices. GNR array devices of various widths were fabricated and defined using electron beam lithography. We demonstrate that plasmon resonance can be tuned by changing the width of GNR, applied gate voltage, and the aspect ratio of GNR arrays in the mid-IR frequency range. The gate tunability of plasmon resonance peaks persists in graphene ribbons of various widths ranging from 50 nm to 500 nm. Furthermore, we studied the ribbon-ribbon interaction by tuning the aspect ratio of GNR. Here we study GNR of width 150 nm using various aspect ratios ranging from 1.5 to 4. We demonstrate that surface plasmon resonance can be modulated by tuning the aspect ratio of GNR. The oscillating dipole electric field in a GNR protrudes from the edge of the GNR and effectively interacts with nearby ribbons as evidenced by blue shift in plasmon peaks.
Experimental
Here we study plasmon resonance behavior of GNR using polarization and gate dependent FTIR on back-gated GNR array devices. The GNR arrays are fabricated from monolayer graphene grown using CVD [19] and transferred onto Si/SiO 2 (intrinsic) substrate. Electron beam lithography and oxygen plasma etching were used to pattern 700 × 700 m 2 and 500 × 500 m 2 GNR array devices. The pattern was etched into the graphene nanoribbon using oxygen plasma at 300 mTorr and 45 W for 35 s. Source and drain electrodes were defined on GNR array devices by a physical shadow mask and Ti/Au deposition using electron beam evaporation while the back-gate contact was made using Ag paint on Si. Electrical measurements were carried out using a B1500A semiconductor parameter analyzer. Gate dependent IR transmittance spectra of the GNR array devices are obtained using FTIR (Bruker Vertex 80)
